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Cerebral blood flow and vasodilatory capacity in anemia sec- hypoxia, which thus increases cerebral blood flow (CBF)
ondary to chronic renal failure. [1, 2]. However, if CBF does not increase adequately,
Background. Our previous study reported that cerebral oxy- the cerebral oxygen extraction fraction (OEF) may in-gen extraction fraction (OEF) increased in hemodialysis pa-
crease in compensation so that the oxygen metabolismtients with anemia. The increased OEF suggests that the cere-
of the brain can be maintained. We have already re-bral vasodilatory capacity might be impaired in these patients.
To clarify this issue, we measured the CO2 response in patients ported that both CBF and OEF increased in anemic
with anemia secondary to chronic renal failure (CRF) using patients on hemodialysis, and decreased after the correc-
positron emission tomography (PET).
tion of anemia with recombinant human erythropoietinMethods. Ten anemic patients with CRF (6 females and 4
[3]. These results suggest that the cerebral vasodilatorymales) and 6 age-matched normal controls were studied. The
underlying diseases of CRF were glomerulonephritis in 8 pa- capacity might be impaired in anemic patients who are
tients, systemic lupus erythematosus (SLE) in one patient, and on hemodialysis. To clarify this issue, we measured the
hypertension in one patient; in this cohort, 5 patients were on cerebrovascular response to hypercapnia (CO2 response)hemodialysis treatment and the remaining 5 patients were in
induced by 5% CO2 inhalation using O-15 H2O positrona pre-hemodialysis state. The cerebral blood flow (CBF) was
measured by the O-15 H2O bolus injection method with each emission tomography (PET) in patients who were ane-
patient in a resting state and during 5% CO2 inhalation. The mic secondary to CRF. Then we studied correlation of
CO2 response was estimated as the percentage change of CBF the cerebrovascular reactivity with CBF, OEF, cerebralper 1 mm Hg change of PaCO2.
metabolic rate for oxygen (CMRO2) and cerebral bloodResults. The CO2 response was significantly attenuated in ane-
volume (CBV) with each subject at rest.mic patients with CRF in comparison to the normal controls,
and it inversely correlated with the severity of anemia. There
was no significant difference in the CO2 response between the
hemodialysis and pre-hemodialysis patients. The CO2 response METHODS
significantly correlated with CBF and the cerebral metabolic
The subjects consisted of ten anemic patients withrate for oxygen (CMRO2) at rest, however, it did not correlate
CRF, six females and four males aged 42- to 70-years-with OEF and cerebral blood volume (CBV).
Conclusions. The present study revealed the existence of a old, and six age-matched normal controls. The underlying
reduced cerebral vasodilatory capacity in anemic patients with diseases of CRF were glomerulonephritis in eight patients,
CRF, suggesting that chronic hypoxic brain damage might play
systemic lupus erythematosus (SLE) in one patient anda role in the impaired cerebrovascular response to CO2.
hypertension in one patient. Among the patients, five were
on hemodialysis therapy (hemodialysis), and the remain-
ing five never underwent hemodialysis (pre-hemodialy-Chronic renal failure (CRF) causes secondary anemia
sis). Antihypertensive drugs were discontinued threedue to a decrease in the erythropoietin production. The
days before PET study was performed in the hyperten-decrease in cerebral oxygen supply results in brain tissue
sive patients. None of patients showed any neurological
deficits at the time of PET study, and none had a historyKey words: oxygen extraction fraction, brain oxygen metabolism, he-
modialysis, hypoxic brain damage, cerebrovascular CO2 response. of transient ischemic attack or stroke. Either computed
tomography (CT) or magnetic resonance imaging (MRI)Received for publication June 27, 2001
was performed in four out of the ten patients. Threeand in revised form September 5, 2001
Accepted for publication September 6, 2001 patients showed multiple small white matter lesions on
MRI without neurological signs. The remaining patient 2002 by the International Society of Nephrology
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showed no organic lesions on CT. Mild cerebral atrophy to be the maximal O2 supply [11]. Arterial O2 content
was calculated with oxygen saturation and Hb:was observed in one out of these four patients. The pa-
tients were divided into two groups according to the de-
O2 supply  CBF  arterial O2 contentgree of anemia (namely, mild anemia, Hb 8.5 to 11 g/dL,
and severe anemia, Hb 8.5 g/dL) groups, and further The statistical analysis was performed by one-way
divided into the on hemodialysis and pre-hemodialysis analysis of variance (ANOVA) and the post-hoc un-
groups. The normal controls consisted of six healthy paired t test or Welch t test with unequal variance.
volunteers who were social workers or medical doctors.
Positron emission tomography was performed with a
RESULTSHEADTOME-III device, which had a spatial resolution
Mean values for age, arterial hemoglobin, hematocrit,of 8.2 mm in full-width at half maximum and simultane-
arterial systolic and diastolic blood pressures, and PaCO2ously obtained five contiguous slices 15 mm apart. The
at rest and during 5% CO2 inhalation in each group aresubjects were placed in a supine position on the bed in
shown in Table 1. The Hb and Hct levels in the patienta semi-dark room. A small canula was placed in the fem-
groups were significantly lower than those of the controloral or ulnar artery for arterial blood sampling. A trans-
subjects, although there were no significant differencesmission scan with a Ge-68/Ga-68 ring source was ob-
between the patients on hemodialysis and pre-hemodial-tained for each patient for attenuation correction. CBF
ysis patients. PaCO2 increased by 5 to 7 mm Hg and sys-was measured by the O-15 H2O bolus-injection method
tolic arterial blood pressure increased by about 20 mm Hg[4, 5], with the subject in a resting state and during the
during the 5% CO2 inhalation. The diastolic blood pres-inhalation of 5% CO2 with air at a 15 minute interval.
sure at rest and the systolic pressure during 5% CO2In the O-15 H2O PET study, 740 MBq of O-15 H2O
inhalation in the pre-hemodialysis patients were signifi-was infused as a bolus and the scan was started when
cantly higher than those on hemodialysis.radioactivity appeared on a monitor for the head. The
The average values for the CO2 response and CBF,data were collected for 75 seconds in each scan. Arterial
OEF, CMRO2 and CBV at rest in the normal control andblood was continuously drawn at a rate of 15 mL/min
patient groups are shown in Table 2. The CO2 responsefor two minutes, and radioactivity was recorded by a
significantly decreased in all patient groups in compari-beta-ray detector system using a plastic scintillator (1.1
son to that in the normal controls. The average valuecm thick and 5.1 cm in diameter). The dispersion and
for CO2 response was the lowest in the severe anemiatime delay of the input function were corrected according
group, although there were no significant differences into the method of Iida et al [6]. The fixed time constant
CO2 response between the hemodialysis and pre-hemo-(10 s) was used for the dispersion correction. CMRO2
dialysis patients.and OEF also were measured by the O-15 steady-state
Cerebral blood flow at rest was significantly higher inmethod [7–10]. For the CBV measurement, a fixed ratio
both the severe anemia and hemodialysis patients thanof the central/peripheral hematocrit (0.85; Hct) was used
that in the normal controls. Baseline CBF was also sig-[9]. The O-15 H2O and O-15 steady-state PET studies
nificantly higher in the severely anemic patients than thatwere performed on the same day. CBF at rest was mea-
in the mild anemic patients. There were no significantsured first, and then CBF during inhalation of 5% CO2
differences in CBF between the hemodialysis and pre-was measured at an interval of 15 minutes. Subsequently,
hemodialysis patients. OEF was slightly higher in theOEF, CMRO2 and CBV were measured by the O-15
steady-state method. Hemodialysis was performed in the patient groups than in the normal controls, however,
this difference was not significant. CMRO2 significantlymorning the day before the PET study was performed
in hemodialysis patients. This study was approved by decreased in both patients with severe anemia and hemo-
dialysis, compared to that that in the normal controls.the committee for the clinical application of cyclotron
producing radionuclides in Kyushu University Hospital, CMRO2 was significantly lower in the severely anemic
patients than that in the mildly anemic patients. CBVand informed consent was obtained from all patients
before undergoing the PET study. showed no significant difference between the patient
groups and the normal controls.The regions of interest (ROI) over the cerebral hemi-
spheres were set at a level of 50 mm above the orbitomet- The relationship between the CO2 response and arte-
rial hematocrit was well correlated (r  0.79, P  0.001;eral line. CO2 response was expressed as the percent
change of CBF per 1 mm Hg of PaCO2. The cerebral O2 Fig. 1). Figure 2 shows correlations between the CO2
response with CBF at rest (Fig. 2A), OEF (Fig. 2B),supply was calculated by the following equation. The
CBF value was corrected by PaCO2 based on the cereb- CMRO2 (Fig. 2C) and CBV (Fig. 2D). The CO2 response
correlated significantly with CBF at rest (r0.66, Provascular response rate to hypercapnia, and the cerebral
O2 supply at a level of 80 mm Hg of PaCO2 was assumed 0.01) and CMRO2 (r  0.68, P  0.001), while it did not
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Table 1. The age, hemoglobin (Hb), hematocrit (Hct), PaCO2 at the resting state and during 5% CO2 inhalation, systolic and dyastolic
blood pressures in the control subjects, mild and severe anemic patients, and patients on hemodialysis and pre-hemodialysis
PaCO2 mm Hg
Arterial blood pressure mm Hg
At rest 5% CO2 loadAge Hb Hct
Group years g/dL % At rest 5% CO2 load Systolic Diastolic Systolic Diastolic
Control (N6) 5610 13.01.4 38.54.2 41.34.4 46.54.9 12716 6811 14523 8013
Mild anemia (N5) 498 10.30.8c 31.63.5b 37.84.0 44.22.8 14224 8023 16626 8325
Severe anemia (N5) 5410 6.81.1d 20.83.0d 39.33.2 45.23.2 13742 6921 15641 8022
Hemodialysis (N5) 467 8.12.6b 25.48.7b 39.72.6 45.01.3 12530 5812 13922 6713
Pre-hemodialysis (N5) 578 9.01.5c 27.04.3c 37.34.1 44.44.1 15430 9115a 18426a 9715
Data are mean  SD.
a 5% significant; b 2% significant; c 1% significant; d 0.1% significant compared with the control based on the t test or Welch t test
Table 2. Average values of the cerebrovascular response to hypercapnia (CO2 response), cerebral blood flow (CBF), oxygen extraction
fraction (OEF), cerebral metabolic rate for oxygen (CMRO2), and cerebral blood volume (CBV)
CO2 response CBF at rest OEF CMRO2 CBV
%/mm Hg mL/min/100 mL % mL/min/100 mL mL/100 mL
Control (N6) 5.260.82 37.05.5 42.23.3 2.430.22 4.230.57
Mild anemia (N5) 2.991.06b 43.85.4 45.06.3 2.220.32 4.280.79
Severe anemia (N5) 2.020.93c 55.97.1b 46.83.4 1.630.36b 3.940.34
Hemodialysis (N5) 2.411.08b 52.59.4a 46.96.4 1.740.41a 4.210.73
Pre-hemodialysis (N5) 2.601.18b 47.28.2 44.93.3 2.120.44 3.950.33
Data are mean  SD.
a 2% significant; b 1% significant; c 0.1% significant compared with the control based on the t test or Welch t test
0.001), and it also decreased in both the hemodialysis
(P  0.01) and pre-hemodialysis (P  0.05) patients in
comparison to the normal controls.
DISCUSSION
Several investigators have studied the cerebral hemo-
dynamic changes in anemic patients with CRF [1, 2,
12–14]. Heyman, Patterson and Jones used the N2O tech-
nique and reported that CBF was normal in uremic pa-
tients with minimal vascular involvement [12], while us-
ing the same technique, Scheinberg reported increased
CBF in uremic patients [13], which was probably due to
associated anemia. Using the Xe-133 inhalation method,
Mathew et al [1] and Vorstrup et al [2] reported an
increase in CBF in patients with dialysis encephalopathy
and in anemic patients on long-term hemodialysis, re-Fig. 1. Relationship between the carbon dioxide (CO2) response and
hematocrit (Hct) levels. A close correlation is observed (r  0.79, P  spectively. We also have reported that both the CBF
0.001). and OEF in hemodialysis patients, measured by the O-15
steady state method and PET, increased before and de-
creased after anemia was corrected with recombinant
human erythropoietin [3]. Our present study, togethersignificantly correlate with either OEF (r  0.37) or
with the previous study, found a significant increase inCBV (r  0.22).
CBF in patients with severe anemia that can be explainedThe cerebral O2 supply at rest and at hypercapnia
by both brain tissue hypoxia and a reduction of blood(maximal dilation) is revealed in Table 3. There was a
viscosity. It remains controversial as to which mechanismsignificant decrease in the cerebral O2 supply at rest in
works more dominantly. However, according to the studythe severe anemic patients in comparison to the normal
by Waschke et al [abstract; J Cereb Blood Flow Metabcontrols (P  0.05). The maximal O2 supply to the brain
significantly decreased in severe anemic patients (P  15(Suppl 1):S73, 1995], the change in viscosity per se did
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Fig. 2. Correlations between carbon dioxide
(CO2) and cerebral blood flow (CBF), oxygen
extraction fraction (OEF), cerebral metabolic
rate for oxygen (OMRO2), and cerebral blood
volume (CBV). (A) The correlation between
CO2 response and CBF at rest. The cerebro-
vascular response was significantly correlated
with CBF at rest (r  0.66, P  0.01). (B)
The correlation between CO2 response and
OEF. No significant correlation was observed
between them (r0.37, NS). (C ) The corre-
lation between CO2 response and CMRO2.
The cerebrovascular response was signifi-
cantly correlated with CMRO2 (r  0.68, P
0.001). (D) The correlation between CO2 re-
sponse and CBV. There was no significant
correlation between them (r  0.22, NS).
Table 3. Cerebral oxygen supply at rest and at maximal vasodilation supply at rest was relatively well preserved by the com-
pensatory increase in CBF, although it significantly de-Cerebral oxygen supply
mL/min/100 mL creased in the severely anemic patients. However, the
At rest At maximal dilationa calculated maximal O2 supply based on the CO2 response
was severely depressed in the patient groups. These re-Control (N6) 6.240.94 18.93.76
Mild anemia (N5) 5.931.09 13.74.64 sults also indicate that these anemic patients are suscepti-
Severe anemia (N5) 4.920.87b 8.941.92d ble to hypoxia regarding conditions of high O2 demand.Hemodialysis (N5) 5.361.18 10.73.84c
Oxygen extraction fraction (OEF) is an indicator ofPre-hemodialysis (N5) 5.491.08 11.94.91b
the uncoupling of the blood flow to the energy metabo-Data are mean  SD.
a At 80 mm Hg of PaCO2 lism, and the increased OEF means that CBF or cerebral
b 5% significant; c 1% significant; d 0.1% significant compared with the control O2 supply is insufficient for the O2 demand of the brain.based on the t test or Welch t test
If CBF increases adequately, then the cerebral O2 supply
becomes sufficient to meet the O2 demand, and thereaf-
ter OEF returns to normal. As a result, an increase in
not change the hypoxia-induced increase in CBF. As a OEF indicates that cerebral vasodilatory capacity is im-
result, the brain tissue hypoxia due to insufficient O2 paired. In the present study, the mean value for OEF
delivery to the brain is thought to be a more important was about 10% higher in the patient groups than in
factor to increase CBF in anemic patients. the normal controls; however, there was no significant
Thus far, very few reports have been published on increase in OEF. We also studied the correlation be-
cerebral vasoreactivity in anemic patients with CRF. tween CO2 response and OEF, and, contrary to our pre-
Gottstein, Held and Sedlmeyer reported that the cere- diction, no significant correlation was observed between
brovascular response decreased in the induced hemodi- them. The reason for lack of correlation is not clear, but
lution [15], and Heyman, Patterson and Jones described the CO2 response can decrease without increased OEF.
increased cerebral vascular resistance in uremic patients In addition, a wide variation was observed in the re-
[12]. Our present study demonstrated that the CO2 re- sponse rate in higher OEF group (Fig. 2).
sponse decreased in both mild and severe anemic pa- The CO2 response consistently decreased in all groups
tients with CRF, and closely correlated with the severity of patients. However, the mechanism of the decreased
CO2 response seems to be complex in anemic patientsof anemia (Fig. 1). On the other hand, the cerebral O2
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with CRF. Hypertension, one of the major complications sponse correlated well with CMRO2 [22]. As a result,
of the CRF, causes arteriosclerosis [16]. As a result, chronically exposed hypoxic brain damage, including in-
hypertension may reduce the cerebral vasodilatory ca- sufficient CBF due to cerebrovascular changes, is consid-
pacity in our patients, although the systolic and diastolic ered to play a very important role in the decreased cereb-
blood pressures of the patient groups were not signifi- rovascular CO2 response. Neurological tests revealed the
cantly higher than those of the normal controls. The relationship between the memory function and the dura-
blood pressure at admission was not significantly high tion of dialysis [23]. The treatment of anemia with recom-
(data not presented). Hemodialysis also may affect the binant human erythropoietin improved brain and cogni-
cerebral structure and hemodynamics. Cusmano and Sa- tive function after normalization of Hct levels [24]. These
vazzi reported that cerebral cortical atrophy was ob- results indicate the importance of early detection and
served on CT in 56.5% of hemodialyzed patients, and treatment of anemia in CRF patients.
the degree of atrophy also correlated with the duration Our present study shows that there is a decrease in
of hemodialysis [17]. Gottlieb et al reported that CBF the cerebral vasodilatory capacity in anemic patients with
decreased after hemodialysis [14]. However, we could CRF. These findings will be helpful for better under-
not find any difference in CO2 response between the pre- standing the pathophysiology and management of these
hemodialysis and hemodialysis patients. patients.
There seem to be two major explanations for the de-
creased CO2 response in anemic patients with CRF. One ACKNOWLEDGMENTS
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